Abstract. High degrees of intensity correlation between two independent lasers were observed after propagation through a rubidium vapor cell in which they generate Electromagnetically Induced Transparency (EIT). As the optical field intensities are increased, the correlation changes sign (becoming anti-correlation).
for treating the field phase fluctuation [19, 12] . The phase diffusing model has received more attention owing to its proximity to the diode lasers extensively used in laboratories. In a recent experiment [20] , we performed measurements of intensity noise spectra between the σ + and σ − components of a single, linearly polarized, exciting field in a Rb atomic sample, as a function of the magnetic field in a Hanle/EIT configuration. We observed correlations as well as anti-correlations between the different polarization components, depending on the detuning, controlled by the magnetic field. A similar experiment was performed by
Sautenkov et al. [21] , using two initially phase-correlated beams in time domain, who also explained it in terms of PN-to-AN conversion [22] . In Ref. [23] PN-to-AN conversion has also been identified as a source of frequency instabilities in Rb atomic clocks, and was eliminated with a buffer gas cell that broadens the resonances through collisions.
In the present work, the emphasis is on the PN-to-AN conversion as a source of correlation between initially independent macroscopic fields. The paper is organized as follows: in section 2 we describe our experimental setup and in section 3 we present a theoretical model that includes two phase diffusing fields interacting with an atomic system. In section 4 we present our results, beginning with the experimental correlation spectra as a function of the analysis frequency and optical intensity. Then, in section 4b, we present the numerical results and discussion. As described below, although it is possible to extract the basic aspects of the phenomena by modeling the atomic system as 3-level atoms at rest, agreement with experimental data is considerably improved by integrating over the atoms' different velocity classes and including all the relevant excited atomic levels. We also found that the optical detuning is essential for explaining the change in sign for the correlation coefficient. For a perfectly resonant Λ system, the EIT process is dominant and the fields become correlated but, for an optical detuning of the order of the excited-level decay rate, the Raman process prevails and the fields become anti-correlated.
Experimental setup
Our experimental setup is shown in Fig. 1 . We employed gratings. The laser intensities were controlled by neutral density filters inserted just before the main vapor cell. We also used a 2 mm-diameter diaphragm to spatially filter the laser beams, ensuring a good spatial superposition and a flat, nearly top-hat, intensity profile over the cell.
After the cell, the beams were separated at a second PBS and then analyzed at two independent balanceddetection schemes. Photocurrents were combined in active sum/subtraction circuits (SD), and noise was measured with a Spectrum Analyzer. Effective bandwidth of our detection is limited by the gain of the amplifiers in the range of 2.5 to 14 MHz. Beyond this frequency, electronic noise reduced the resolution of our measurements.
We can, therefore, measure the Sum S s (ω) and Difference S d (ω) noise spectra, as well as the individual laser noise spectra S 11 (ω) and S 22 (ω) by blocking a beam on each balanced detection. It is then possible to obtain the normalized correlation coefficient defined by
The symmetrical cross-correlation spectrum S ij (ω) between the lasers i and j is defined by
Thus, S 12 can be obtained from
A summary of all possibilities allowed by our setup is presented in Table 1 with the SD1 and SD2 switches both in the sum position and changing the SD3 switch. The four levels are represented in Fig. 1 [6, 20] . Further inclusion of the fourth level is straightforward. In the following sections we will present numerical results for both cases.
The laser fields are given by
where i = 1, 2 is a label to designate lasers 1 and 2, respectively. E i is the laser's complex amplitude, ω i its frequency and e i is a unit vector designating the field's polarization. The time evolutions of the phases φ 1 (t) and φ 2 (t) are described by two independent, uncorrelated Wiener processes [24] . This corresponds to model the lasers as phasediffusing fields, with Lorentzian lineshapes [12] . Phase fluctuations satisfy the relations
where 2b j corresponds to the spectral width of laser j and · · · denotes stochastic average that is taken over a sufficiently long time. The δ jk function accounts for the initial independence of the two lasers in our experiment, so they have a zero degree of correlation.
For an optically thin sample, the output field can be written as
where β is a real constant depending on the atomic density and length of the sample, and P is the complex polarization excited in the medium given by
In this expression, the inhomogeneous Doppler broadening is given by g(ω 0i ), for atoms with resonance frequencies ω 0i in the laboratory reference frame. p 1 (t, ω 01 ) and p 2 (t, ω 02 ) are the slowly-varying atomic coherences excited by fields 1 and 2, respectively.
The detected intensities of fields 1 and 2 are given by
, where q = 1, 2. All power spectra can be obtained from the expression
and we recall that the sum and difference spectra are given by Eqs. (3). If we discard terms of second order in β and terms independent of τ , and use Eqs. (6) to (8), we can write
where we can see that the power spectra are obtained from the covariance matrix of the detected intensities, which are then ultimately related to the covariance matrix for the atomic variables p 1 = |p 1 | and p 2 = |p 2 |. We now present an outline for the calculation of the atomic covariance matrix for the case of a three level atom excited by two phase-diffusing fields. More details can be found in
Ref. [12] , especially in its Appendix B.
Atomic polarization spectra
The total Hamiltonian can be written as
where H 0 =hω 01 |0 0|+hω 21 |2 2| is the free-atom Hamiltonian and
is the interaction Hamiltonian, with the corresponding Rabi frequencies for both coupling fields given by Ω j .
Since no detailed Zeeman structure is considered, we took both Rabi frequencies as real. We now follow straightforward steps to write the Bloch equations, in the Liouville form, from (10) and imposing the Rotating Wave Approximation (RWA), which results in
Here N 1 and N 2 are square diagonal matrices with only zeros and ones, y 0 is a column matrix accounting for the continuous flow of atoms through the laser beam and
is the evolution Bloch matrix, that is function of several physical parameters: Γ is the total excited state decay rate, γ is a decay rate for the lower states coherence associated to the finite interaction time,
is the optical detuning associated to laser j, and δ R = ∆ 1 − ∆ 2 is the Raman detuning. The column matrices containing the rapid and slowly varying elements of the atomic density matrix are y and x, respectively.
They are related by the transformation
We have special interest in the x matrix, because it contains the slowly varying atomic coherences (p 01 , p 02 , p 12 , and their conjugates). To proceed with the calculations of the stochastic averages one must expand the exponential factors up to second order in the dφ j 's and take averages using eq.(5), resulting in a differential equation for x
with
whose steady state solution is
However, products in the form
and p q (t + τ, ω 0q )p q ′ (t, ω ′ 0q ′ ) appear in equation (9) . To evaluate these terms it is convenient to first calculate the second order correlation function
and then calculate
where x † represents the hermitian conjugate of x. Finally, we use the regression theorem to compute G(t + τ, t; ω 0j , ω 0k ) . To obtain an equation of motion for G(t, t; ω 0j , ω 0k )
we use the definition (13), differentiate the right-hand-side keeping up to second order terms in the stochastic phases and use (12) , resulting in
This and the use of the regression theorem allow one to get an equation of motion for c 2 (t,
which will be used in the calculation of the spectra. A possible way to obtain a solution of eq. (20) is to take its Laplace transform Each curve is an average over 100 measurements.
where G(s; ω 0j , ω 0k ) is the Laplace transform of c 2 (t, t + τ ; ω 0j , ω 0k ) , and c 2 (t, t; ω 0j , ω 0k ) can be calculated using the steady state solution of (19). Since the Laplace transform is related to the Fourier Transform by
the solutions G(s; ω 0j , ω 0k ) will be used to obtain the final results of (9). To include the fourth level one just adds a new level in the Hamiltonian (eqs. (10)) and repeats the calculation. 
Results

Experimental results
The first step to measure the correlation between the fields transmitted by the atomic sample is to characterize the individual noise spectrum of each field. Before interaction, the intensity noise of the each ECDL is slightly above the standard quantum limit (SQL). In contrast, in spite of their narrow linewidths (∼ 1 MHz), both lasers have large amounts of phase noise producing a very broad background spectrum [11] . In Fig. 2 we present these noise spectra for both lasers at two different intensities measured after interaction with the atomic medium. For high power, the PN-to-AN conversion is considerably more efficient for the laser that is locked to the F = 3 → F ′ −group transition (laser 2), than for the laser locked to the F = 2 → F ′ −group transition. However, for a sufficiently low power, the efficiency of the PN-to-AN conversion is very low (and comparable)
for both fields, and the noise power of Laser 2 can be lower than Laser 1 for small analysis frequencies. In this case, we have to keep in mind that absorption also plays a role, attenuating the mean field value and its fluctuations as well. The final result is a nonlinear character of the PN-to-AN conversion process.
In Fig. 3(a) we show the experimental results for C as the intensity is increased, for a fixed analysis frequency (ω = 2π × 3.5 MHz). The first important point to notice is the high degree of correlation between the two fields after the sample, which can reach absolute values above 0.6.
The other important feature is the clear transition from correlation to anti-correlation as the intensity is increased, passing through a nearly uncorrelated situation around 55 mW/cm 2 .
We also measured the correlation spectral dependence which is shown in Figs. 4(a)-(d) for different intensities.
We observe that the transition from correlation to anticorrelation occurs for all analysis frequencies from 2. 
Numerical results
In order to understand the influence of the various physical parameters involved in our experimental data, we explored On the other hand, if both fields are off resonance with the excited level and δ R = 0, the Raman process prevails.
In this case, the atom can not absorb a photon from one of the two fields independently from the other. Only the two-photon stimulated Raman process, in which a photon absorbed from one field is re-emitted into the other field, can occur with high probability. We understand that the competition between these two processes is the basis of the observed change of sign for the correlation between pump and probe fields.
In Fig. 5 we show results that support our arguments.
We numerically calculated the correlation coefficient C as a function of analysis frequency for a 3-level atom at rest with constant Rabi frequency Ω and different values of the optical detuning ∆. The calculations for low field intensity, presented in Fig. 5(a) , give a nearly flat spectrum, with a reduction in the absolute value of correlation for higher analysis frequencies, following the behavior expected from the limited linewidth of the laser phase-noise.
In these curves, we can see clearly the change from correlation to anti-correlation with an increasing detuning. This effect can be interpreted as the passage from the resonant EIT to a nonresonant Raman process, accompanied by a change in the photon statistics. For a higher intensity - A more detailed study of the effect of the field intensity can be seen in Fig. 6(a) . Here we analyze an atom at rest, with zero detuning. We can see the change from correlation to anticorrelation as a consequence of the increase in the Raman process, together with a broadening of the shape of the curve, demonstrated by an increase in the frequency for which the correlation changes sign. This can also be associated with power broadening of the atomic A better agreement to experimental data is obtained in Fig. 6(b) , where the Doppler integration was performed.
In fact, it is well known that in the Λ configuration with detuning is not considered, the anti-correlation is significantly reduced (in absolute value), but the spectral feature of C(ω) does not change appreciably. We can observe the change from correlation to anti-correlation for increasing
Rabi frequencies, and a good qualitative agreement of the spectral plots, especially for higher Rabi frequencies.
In order to compare these results with our experimental data, we also calculated the variation of C with the Rabi frequency for a fixed analysis frequency (ω = 2π×3.6
MHz). This is shown in Fig. 3(b) . We clearly see a change in sign for the correlation between pump and probe fields as in the experimental case, with a good agreement to the experimental data.
Finally, we now briefly comment the role of the laser linewidth on the sign of C(ω). In light of the previous analysis, the correlated fields in the EIT situation become anti-correlated if either the optical detuning is increased or the atomic transition becomes power broadened. We checked numerically that if the laser linewidth increases so much that it is comparable to (or higher than) the excited state decay rate Γ , the correlation between fields tends to change sign. The physical mechanism is totally analogous since the effect of laser broadening is to produce more sidebands in frequencies that are not perfectly resonant with the EIT transition, favoring the Raman process. We also confirmed that in a 3-level system this effect is more pronounced than in a 4-level atom. In other words, for the same laser linewidth and power, C(ω) is more negative in the case of a 3-level system than in the 4-level situation. Consider that the carrier laser frequency is resonant with one of the excited levels. In the 3-level atom, the laser side bands will be far off resonance with the atomic transitions, producing pure Raman transitions, while in a 4-level atom, these side bands approach the other excited state forming a second Λ system (eventually becoming resonant), so both processes tend to compensate each other.
It is important now to address some significant differences between the experimental and theoretical results 
